A rationale exists for pharmacologic manipulation of the serine (S)184 phosphorylation site of the proapoptotic Bcl2 family member Bax as an anticancer strategy. Here we report the refinement of the Bax agonist SMBA1 to generate CYD-2-11, which has characteristics of a suitable clinical lead compound. CYD-2-11 targeted the structural pocket proximal to S184 in the C-terminal region of Bax, directly activating its proapoptotic activity by inducing a conformational change enabling formation of Bax homooligomers in mitochondrial membranes. In murine models of small cell and non-small cell lung cancers, including patient-derived xenograft and the genetically engineered mutant KRAS-driven lung cancer models, CYD-2-11 suppressed malignant growth without evident significant toxicity to normal tissues. In lung cancer patients treated with mTOR inhibitor RAD001, we observed enhanced S184 Bax phosphorylation in lung cancer cells and tissues which inactivates the propaoptotic function of Bax, contributing to rapalog resistance. Combined treatment of CYD-2-11 and RAD001 in murine lung cancer models displayed strong synergistic activity and overcame rapalog resistance in vitro and in vivo. Taken together, our findings provide preclinical evidence for a pharmacologic combination of Bax activation and mTOR inhibition as a rational strategy to improve lung cancer treatment.
Introduction
Lung cancer has poor prognosis in part because of innate and acquired resistance to conventional therapies. In order to improve the survival of lung cancer patients, basic molecular mechanisms responsible for resistance to therapy must be carefully elucidated and such knowledge exploited for the development of more effective therapeutic agents. Bax functions as an essential gateway to apoptotic cell death (1) and therefore represents an attractive target for anticancer therapy. We and others recently discovered that AKTmediated phosphorylation of Bax at serine (S)184 results in the failure of Bax to target or insert into mitochondrial membranes, leading to loss of its cell killing activity (2) (3) (4) . Conversely, dephosphorylation of Bax at S184 causes a conformational change that promotes the insertion of Bax into mitochondrial membranes and formation of Bax oligomers leading to cytochrome c release and apoptosis (5) . Thus, the S184 phosphorylation site is a critical switch to functionally control the proapoptotic activity of Bax (3, 5) . Notably, the structural pocket around the S184 residue in the Bax protein represents an ideal target for small molecule docking (6, 7) . This binding pocket is located in the hydrophobic C-terminal tail of Bax, which regulates not only the subcellular location of Bax but also its ability to insert into mitochondrial membranes (3, 5, 8) .
Although mTOR is a promising therapeutic target in lung cancer (9) (10) (11) , mTOR inhibition by rapalogs has been reported to block an S6K1-IRS1 negative feedback loop leading to the activation of PI3K/AKT proliferative and prosurvival signals, and thus countering the anticancer efficacy of rapalogs (12, 13) . AKT is a known upstream Bax kinase that can directly phosphorylate Bax at the S184 site leading to Bax inactivation (4) . Here we discovered that the rapalog-induced activation of AKT enhances Bax phosphorylation and inactivates the proapoptotic function of Bax. Using an in silico screening approach, we have recently identified three small molecule Bax agonists (SMBA1-3) that specifically bind the structural pocket around the S184 residue of Bax protein leading to activation of the proapoptotic function of Bax (7) . Based on chemical structure and drug-likeness, we chose SMBA1 as the lead compound and generated a more effective analog CYD-2-11, which not only reverses rapalog-resistance but also synergizes with the mTOR inhibitor RAD001 against lung cancer. pAKT (S473) and p-p70S6K were purchased from Cell Signaling Technology (Beverly, MA). Fluorescent Bak peptide (FAM-GQVGRQLAIIGDDINR) and Bcl-XL protein were purchased from NeoBioSci TM (Cambridge, MA). Purified recombinant full-length human Bcl2 protein was obtained from ProteinX Lab (San Diego, CA). Purified full-length human Mcl-1 protein was purchased from GenWay Biotech, Inc. (San Diego, CA). Purified fulllength human Bfl-1/A1 protein was obtained from R&D systems (Minneapolis, MN). Purified full-length human Bax protein was purchased from Novus (Littleton, CO). Bis(maleimido) hexane (BMH) was purchased from Thermo Scientific. QD605 goat antirabbit IgG conjugate (red), QD705 goat anti-mouse IgG conjugate (green) and ProLong® Gold antifade reagent with 4′, 6-diamidino-2-phenylindole (DAPI) were obtained from Invitrogen Life Technologies Inc (Carlsbad, CA). Cre-adenovirus (Ad5CMVCre; Cat #: VVC-U of Iowa-5) was obtained from Viral Vector Core Facility of the University of Iowa. All reagents used were obtained from commercial sources unless otherwise stated.
Cell lines and cell culture
NSCLC, SCLC and normal human bronchial epithelial (BEAS-2B) cell lines were obtained from the American Type Culture Collection (Manassas, VA). Human NSCLC cell lines (H1299, H292, H157, Calu-1, H460 and H1975) were maintained in RPMI 1640 with 10% fetal bovine serum (FBS). A549 cells were cultured in F-12K medium with 10% FBS. BEAS-2B cells were cultured in DMEM/F-12 medium with 10% FBS. SCLC cell lines DMS53, DMS153, DMS114, H128, H146 and H69 were cultured in Weymouth's medium with 5% FBS and 5% bovine serum (BS) as described (14) . The rapamycin resistant A549 cell line (A549-RR) was established as described (10, 15) , and is also resistant to rapalog RAD001. These cell lines were employed for the described experiments without further authentication by authors.
Human clinical trial patient samples and establishment of patient-derived xenografts (PDX)
Informed consent was obtained from all human subjects, and use of human samples for immunohistochemistry and PDX was approved by the Institutional Review Board (IRB) of Emory University. Paired samples of NSCLC tissues were collected as part of a completed phase I clinical trial evaluating the pharmacodynamic effects of RAD001 in adult patients with resectable NSCLC. Enrolled eligible patients received RAD001 (10 mg) orally once daily for 28 days (16) . Pretreatment biopsy samples and post treatment surgical resection specimens were analyzed for pBax (S184) expression. PDXs (TKO-002 and TKO-005) were obtained as part of an IRB-approved phase II co-clinical trial of arsenic trioxide in patients with relapsed SCLC who had failed standard platinum-based chemotherapy. Tumor samples were obtained by image-guided biopsy and were directly implanted into Nu/Nu nude mice without intervening propagation in plastic culture plates. Direct serial propagation of growing tumor occurred for up to 5 generations. The animal propagation protocol was approved by the Emory IACUC and the Emory Animal Ethics Committee.
Genetically engineered mouse model (GEMM), treatment and tumor burden quantification
Mouse strains harboring a conditional activating mutation (G12D) at the endogenous KRAS locus and conditional LKB1 knockout were previously described (17) . Lox-stop-lox (LSL)-KRAS G12D LKB1 fl/fl (i.e. KL) mice were generated by intercrossing the B6.129S4-Krastm3Tyj/J (K-Ras G12D ) and FVB; 129S6-Stk11tm1Rdp/Nci (LKB1) strains for two generations and genotyped to confirm homozygosity for the LKB1 allele as described (17) (18) (19) (20) . All studies were performed on protocols approved by the Emory University IACUC. Six weeks after intranasal administration of 5×10 6 pfu AdeCre, mice were treated with CYD-2-11 i.p for 8 weeks. Mice were sacrificed by inhaled CO 2 at the end of treatment. After lung perfusion with PBS, the left lung lobes were harvested from mice in control and CYD-2-11 treated groups and immediately fixed in 10% neutral buffered formalin (Fisher Scientific, Kalamazoo, MI), horizontally cut into three equal parts and embedded in paraffin blocks. Three parts of lung tissues representing different regions of the lung were vertically put into paraffin blocks for hematoxin-eosin (H&E) staining. Lung tissue samples were sectioned at 3 μm three times for placement of slides and stained with H&E. H&E stained samples were scanned using Nano Zoomer 2.0-HT (Hamamatsu, Japan) and images were analyzed using ImageScope viewing software (Leica Biosystems, Buffalo Grove, IL). Tumor numbers were counted under a microscope and tumor area was quantified using Openlab modular imaging software (PerkinElmer, Waltham, MA).
Statistical analysis
The statistical significance of differences between two groups was analyzed with two-sided unpaired student's t-test. Results were considered to be statistically significant at p < 0.05. Statistical analysis was performed with Graphpad InStat 3 software (San Diego, CA) (21) .
Results

Generation of new SMBA analog CYD-2-11
We have recently identified three small molecule Bax agonist compounds (SMBA1, SMBA2 and SMBA3) (7) . Based on comparison analyses of S184 docking and the chemical structures as well as drug-likeness, we selected SMBA1 as the best lead compound of the three molecules for further SAR studies. Our molecular docking analysis revealed that introduction of an O-alkylamino side chain tethered to the hydroxyl group on the phenyl ring of lead compound SMBA1 ( Figure 1A and B) could enhance the pharmacophore group to access a deeper binding pocket near S184 and improve Bax binding. The resulting analog CYD-2-11 docks well into the binding pocket of Bax ( Figure 1C ), and the O-alkylamino side chain can form hydrogen-bonds with the amino acid residues around the S184 site ( Figure 1C ). Moreover, the terminal amino group of CYD-2-11 can form an HCl salt to improve aqueous solubility and lead to a favorable LogP value of the molecule for better cell permeability. SMBA1 was synthesized by coupling of the commercially available material 2-nitro-9H-fluorene with salicylaldehyde in the presence of KF-Al 2 O 3 as a solid base in methanol with 72% yield. Analogue CYD-2-11 was synthesized using the Mitsunobu reaction from phenol SMBA1 with Boc-protected aminoethanol, followed by subsequent Boc-deprotection in a two-step process, with a yield of 73%.
CYD-2-11 specifically binds to Bax protein and induces apoptosis of human lung cancer cells
Computational modeling analysis reveals that CYD-2-11 docks at the S184 binding pocket of Bax ( Figure 1C ). Bax and Bak proteins can heterodimerize via their BH3 domains to form Bax/Bak heterodimers (22) . A fluorescently-labeled Bak BH3 domain peptide binds to the Bax protein with high-affinity (7) . This Bak BH3 domain peptide is located in Bak BH3 domain as shown in Figure S1 . We used this peptide to quantify CYD-2-11/Bax binding affinity in a competition fluorescence polarization assay as described (23) (24) (25) . Results indicate that CYD-2-11 directly binds to Bax protein with high affinity (K i : 34.1 ± 8.54 nM) ( Figure 1D ). CYD-2-11 failed to bind other Bcl2 family members (i.e. Bak, Bid, Bcl2, Bcl-XL, Bcl-w, Mcl-1 and A1) in vitro ( Figure 1D ), indicating a binding selectivity for Bax protein. The apoptotic effect of CYD-2-11 was measured in both SCLC and NSCLC cell lines that express various levels of endogenous pBax/Bax by analysis of Annexin-V/PI binding by fluorescence-activated cell sorter (FACS) as we previously described (26, 27) . It appears that human lung cancer cells expressing higher levels of total Bax also contain relatively higher levels of pBax ( Figure 1E ). CYD-2-11 was more potent than SMBA1 in inducing apoptosis in both NSCLC and SCLC cell lines. NSCLC cell lines (i.e. H292, H157, H1975, A549) and SCLC cell lines (i.e. DMS53 and DMS153) that express relatively high levels of pBax/Bax were more sensitive to induction of apoptosis by CYD-2-11. In contrast, lung cancer cell lines expressing relatively low levels of pBax/Bax (i.e. NSCLC cell line: H460; SCLC cell lines: DMS114 and H128) were relatively less sensitive to CYD-2-11 ( Figure 1E and F). To confirm the anti-phospho Bax (S184) antibody is totally selective to the phosphorylated form of Bax, we used protein phosphatase (λPPase) to treat immunoprecipitated Bax from A549 cells. pBax was analyzed by anti-phospho-specific Bax antibody. Results reveal that λPPase removed phosphate from S184 phosphorylated Bax but has no effect on total Bax level ( Figure S2 ), suggesting that the anti-phospho Bax (S184) antibody we used is totally selective to the pBax. Based on our findings, we propose that the cytotoxicity of CYD-2-11 may be dependent on the expression levels of pBax and/or total Bax in lung cancer cell lines. Importantly, CYD-2-11 showed less cytotoxicity in the normal lung epithelial cell line (BEAS-2B), which expresses a low level of endogenous pBax ( Figure 1E and F), indicating a relative selectivity against cancer cells compared to normal cells. These findings suggest that CYD-2-11 may have strong potential to be developed as a new class of anti-cancer agents.
CYD-2-11 directly activates the proapoptotic function of Bax via oligomerization leading to cytochrome c (Cyt c) release from mitochondria
Our results indicate that treatment of human lung cancer A549 cells with CYD-2-11 did not affect Bax protein level (Figure 2A ). It is known that Bax oligomerization can activate the proapoptotic function of Bax because Bax oligomers can form a pore with a size that is capable of transporting Cyt c (28) . To assess whether CYD-2-11 regulates the ability of membrane-inserted Bax to form oligomers in the mitochondrial membrane, a cross-linking study with Bis (maleimido) hexane (BMH) was performed to measure Bax oligomerization as we previously as described (7, 22, 29) . Intriguingly, direct treatment of mitochondria isolated from A549 cells with CYD-2-11 (5 μM) facilitated the formation of Bax dimers and trimers ( Figure 2B , left panel). SMBA1 was used as a positive control (7) . The molecular sizes of these adducts were estimated to be multiples of ~21 kDa, suggesting the formation of Bax homo-oligomers in isolated mitochondria. To further test whether CYD-2-11 activates Bax through the formation of oligomers in A549 cells, cross linking studies with BHM were employed following treatment of A549 cells with CYD-2-11 as described (7, 22, 29) . Results indicate that treatment of A549 cells with CYD-2-11 or SMBA1 resulted in the formation of Bax dimers and trimers in A549 cells ( Figure 2B , right panel). The pattern of Bax oligomers was similar to that in the treated mitochondria above. Since CYD-2-11 failed to induce BAK oligomerization in isolated mitochondria ( Figure S3 ), this indiccates that such effect of CYD-2-11 is specific for Bax. These findings provide evidence that CYD-2-11 can directly activate Bax but not BAK through its oligomerization in isolated mitochondrial membranes.
Sucellular fractionation experiments further demonstrated that treatment of A549 cells with CYD-2-11 led to Cyt c release from mitochondria into cytosol in association with Bax accumulation in mitochondria ( Figure 2C ).
CYD-2-11 suppresses lung cancer growth via induction of apoptosis in NSCLC and SCLC xenografts as well as PDX models
To test the in vivo efficacy of CYD-2-11, we used nude mice and the human lung cancer A549 cell line to produce subcutaneous (s.c.) lung tumor xenografts as described (30, 31) . Mice were treated with increasing doses of CYD-2-11 intraperitoneally (i.p.) for 10 days. CYD-2-11 induced a dose-dependent repression of lung cancer growth in vivo ( Figure 2D ).
To test whether CYD-2-11 suppression of lung cancer occurs through activation of Bax leading to apoptosis in lung tumor tissues, active caspase 3 and Bax oligomerization in tumor tissues were measured by IHC or cross-linking, respectively. Treatment of lung cancer xenograft mice with CYD-2-11 resulted in Bax oligomerization and caspase 3 activation ( Figure 2E , F and G). No weight loss, no significant increase in ALT, AST and BUN or decrease in WBC, RBC, Hb and PLT were observed following CYD-2-11 treatment ( Figure  S4 ). Histopathologic evaluation of harvested normal tissues (brain, heart, lung, liver, spleen, kidney and intestine) revealed no evidence of normal tissue toxicity ( Figure S4 ).
To compare the in vivo efficacy of CYD-2-11 with that of SMBA1, NSCLC (A549) and SCLC (DMS53) xenografts were treated with 40mg/kg of CYD-2-11 or SMBA1 i.p. for 14 days. CYD-2-11 exhibited more potent anti-tumor activity than SMBA1 in both NSCLC and SCLC xenografts (Figure 3 ).
To evaluate the anti-tumor activity of CYD-2-11 in patient-derived xenografts (PDX), we employed two PDXs (TKO-002 and TKO-005) derived from tumor tissue biopsies from patients with relapsed SCLC. Given that these two PDXs were derived from patients without intervening in vitro culture, they are expected to closely recapitulate the SCLC tumor setting. Mice with TKO-002 and TKO-005 PDXs were treated with CYD-2-11 (40mg/kg/d) i.p. for 2 weeks. CYD-2-11 potently suppressed the growth of both SCLC TKO-002 and TKO-005 PDXs ( Figure 4A ). To examine whether CYD-2-11 can convert Bax from its inactive (pS184 Bax) to active (6A7 Bax) form in PDX tumor tissues, quantum dot-based immunohistofluorescence (QD-IHF) was performed as we previously described (7, 32) . pBax and 6A7 Bax were analyzed simultaneously by QD-IHF on the same tissue slide using primary antibodies from different sources (rabbit anti-pBax and mouse anti-6A7) and QDconjugated anti-rabbit [QD605 (red)] and anti-mouse [QD705 (green)] secondary antibodies with two different emission wavelengths. Separated and combined QD images were obtained after determining the QD spectral library and unmixing the cubed image. Treatment of SCLC PDX mice with CYD-2-11 (40mg/kg/d) resulted in downregulation of phosphorylated Bax (pBax) and upregulation of conformationally changed Bax (6A7 Bax) in tumor tissues ( Figure 4B ). Total Bax levels had no significant change ( Figure S5 ). These findings suggest that CYD-2-11 is able to convert Bax from the inactive (pBax) to activated (6A7 Bax) form, eventually leading to apoptosis in tumor tissues. Furthermore, Bax oligomerization and apoptosis (i.e. active caspase 3) were also observed in tumor tissues ( Figure 4CD ). No significant normal tissue toxicity was observed ( Figure S6 ). These findings indicate that CYD-2-11 may potentially be effective in patients with SCLC, for which there are currently limited treatment options.
CYD-2-11 displays potent anti-tumor activity against KRAS-driven lung cancer in genetically engineered mouse models (GEMM)
KRAS is the most commonly mutated oncogene, yet no effective targeted therapies exist for KRAS-mutant cancers (33) . Here we found that expression of exogenous constitutively active KRAS (G12D) mutant in H1944 cells with wild-type KRAS background significantly enhanced Bax phosphorylation at S184 in association with activation of upstream Bax kinase AKT ( Figure S7A ). Since CYD-2-11 can convert Bax from its inactive form (i.e. pBax) to the activated form (i.e. 6A7 Bax) to induce apoptosis ( Figure 4B ), this indicates that CYD-2-11 may be effective for the treatment of KRAS mutant-driven cancer. To test the potency of CYD-2-11 in KRAS mutant-driven lung cancer, lox-stop-lox (LSL)-KRAS G12D LKB1 fl/fl (i.e. KL) mice were generated and bred out as previously described (17) (18) (19) (20) . These mice contain a KRAS G12D LSL knock-in allele and a floxed allele of LKB1 (LKB1 fl/fl ) (17, 18) . Primary lung adenocarcinoma was detectable as early as 6 weeks after intranasal administration of 5×10 6 pfu adenovirus expressing Cre recombinase (AdeCre) in KRAS G12D LKB1 fl/fl (KL) mice ( Figure S7BC ). It has been previously reported that pAKT is upregulated in lung tumor tissues from KL mice (34) . Since AKT is a physiological Bax kinase (3, 4) , activated AKT may phosphorylate Bax in KL mice. As expected, increased Bax phosphorylation (S184) was observed in tumor tissues from KL mice as compared to adjacent normal lung tissues ( Figure S7D ), thereby providing a good rationale to employ Bax agonist (CYD-2-11) for the treatment of KRAS-driven lung cancer. In order to further assess the potential of CYD-2-11 as therapy for KRAS-driven lung cancer, CYD-2-11 (40mg/kg/d) or vehicle was administered i.p. starting at 6 weeks post AdeCre delivery as previously suggested (18) . After treatment for 8 weeks, mice were euthanized with CO 2 asphyxiation. Lungs with tumor and normal lung tissues were collected for further analysis. To quantify tumor burden and tumor multiplicity in mice, H&E-stained lungs were imaged with morphometric software to quantify the surface area composed of tumor as opposed to normal tissue of representative cross-sections of each lung lobe for each mouse as shown in Figure S8 and previously described (18) . Results indicate that treatment of KL mice with CYD-2-11 for 8 weeks resulted in significant reduction of tumor burden and multiplicity in the lung via apoptosis ( Figure 5A , B and C). Importantly, treatment with CYD-2-11 significantly prolonged survival of KL mice when compared with the control group ( Figure  5D ). There were 5 deaths out of 8 mice in the control group versus 2 deaths out of 7 mice in the CYD-2-11 treatment group (p < 0.01), calculated up to 8 weeks before euthanization. No normal tissue toxicity was observed during treatment ( Figure S9 ).
mTOR inhibition by RAD001 enhances Bax phosphorylation in lung cancer cells and tumor tissues from NSCLC patients
Rapamycin and its derivative RAD001 (i.e. everolimus) are potent allosteric inhibitors of mTOR (35) . RAD001 is well tolerated but shows limited antitumor activity as a single agent in patients with lung cancer (36) (37) (38) . Previous reports indicate that inhibition of mTOR by rapamycin or RAD001 results in activation of AKT (12, 13) , which is an upstream Bax kinase (3, 4) . To further test whether mTOR inhibition actually promotes Bax phosphorylation in human lung cancer cells, A549 cells were treated with increasing concentrations of RAD001 for 24hr. Western blot and QD-IHF studies indicate that inhibition of mTOR by RAD001 resulted in activation of AKT and upregulation of S184 Bax phosphorylation ( Figure 6A and B) . To test whether a similar effect of RAD001 on Bax phosphorylation occurs in patient tumors, we analyzed pBax by IHC in baseline and posttreatment tissue samples obtained from 10 NSCLC patients treated with RAD001 (10 mg/ day) for 28 days as part of a neoadjuvant phase Ib clinical study of everolimus in patients with resectable NSCLC (16) . There was increased Bax phosphorylation in post-treatment tumor tissues compared to baseline samples ( Figure 6C and D) . These findings suggest that mTOR inhibition-induced Bax phosphorylation and inactivation of the proapoptotic function of Bax may negatively affect the sensitivity of lung cancer to mTOR inhibitor. This suggests that, as a Bax agonist, CYD-2-11 may have strong potential to enhance the potency of mTOR inhibitor against lung cancer.
BEZ235 is a dual PI3K/mTOR inhibitor (39) . We also tested the effect of BEZ235 on AKT activity and Bax phosphorylation. As expected, BEZ235 not only inhibited mTOR activity (i.e. reduced p-p70S6K) but also suppressed AKT activity in A549 cells. Intriguingly, treatment of A549 cells with BEZ235 did not enhance Bax phosphorylation, inversely, reduced Bax phosphorylation ( Figure S10 ). This may occur through inhibition of AKT (i.e. Bax kinase) activity, further demonstrated that AKT is critical for Bax phosphorylation.
CYD-2-11 and RAD001 synergistically repress lung cancer growth and overcome rapalog resistance in vitro and in vivo
To determine whether Bax phosphorylation contributes to acquired resistance to RAD001, we established a RAD001-resistant strain from the parental A549 cell line (i.e. A549-RR) as we previously described (15) . Increased levels of pBax were observed in A549-RR cells as compared to parental A549 cells ( Figure S11A and B) . As expected, parental A549 cells remained sensitive while A549-RR cells were resistant to RAD001 (Figure S11C and D) . These results provide strong evidence that RAD001-enhanced Bax phosphorylation contributes to acquired RAD001 resistance. Intriguingly, A549-RR cells were resistant to RAD001 but remained sensitive to CYD-2-11 ( Figure S11C and D) , suggesting that CYD-2-11 can reverse acquired RAD001 resistance through conversion of Bax from the inactive to active form. To test whether CYD-2-11 overcomes RAD001 resistance in vivo, NSCLC xenografts derived from A549 and A549-RR cell lines were treated with continuous daily dosing of RAD001 (1 mg/kg) and CYD-2-11 (40 mg/kg) alone or in combination for 2 weeks. We observed that lung cancer xenografts derived from A549 parental cells were sensitive whereas xenografts derived from A549-RR cells were resistant to RAD001 ( Figure  7A , left vs. right panel). Consistent with the in vitro observations, CYD-2-11 and RAD001 synergistically repressed both A549 and A549-RR xenografts ( Figure 7A ), indicating that CYD-2-11 can overcome acquired RAD001 resistance in vivo. QD-IHF studies revealed that CYD-2-11 blocked RAD001-stimulated Bax phosphorylation and coverted Bax from the inactive (pBax) to active form (6A7 Bax) in tumor tissues ( Figure 7B ), which promoted caspase activation and apoptosis ( Figure 7C and D) . Total Bax levels had no significant change ( Figure S12 ). There were no significant normal tissue toxicities ( Figure S13 ). Furthermore, CYD-2-11 in combination with RAD001 exhibited significantly more potent antitumor activity than either CYD-2-11 or RAD001 alone in a SCLC PDX model ( Figure  S14 ).
Discussion
Induction of apoptosis is a critical mechanism underlying the durable efficacy of cancer treatment agents. Bax is a major proapoptotic protein whose activation is required for cell death (1) . Understanding the cellular mechanisms required for Bax activation is of great significance because of the potential to exploit this knowledge to develop new approaches and agents for cancer therapy. We have recently identified three small molecule Bax agonists, including SMBA1, SMBA2 and SMBA3, that target the structural pocket around S184 in the C-terminal tail of Bax and activate the propapoptotic function of Bax (7) . Based on its chemical structure and drug-likeness, we chose SMBA1 as the lead and generated an SMBA1 analog CYD-2-11 that has improved potency against lung cancer. CYD-2-11 selectively binds to Bax in the pocket around the S184 phosphorylation site, with no binding to other Bcl2 family members, and induces apoptosis of various lung cancer cell lines more potently than SMBA1 (Figure 1) . Mechanistically, CYD-2-11 directly induces Bax oligomerization in isolated mitochondria and lung cancer A549 cells ( Figure 2B ) as well as in tumor tissues from A549 xenografts or PDXs (Figures 2-4) , indicating a direct mechanism by which CYD-2-11 activates Bax protein. It is known that oligomerization of Bax molecules in mitochondria is a major mechanism through which Bax induces cytochrome c (Cyt c) release (28) . These findings help explain how CYD-2-11 triggers Cyt c release in lung cancer A549 cells ( Figure 2C ). Intriguingly, CYD-2-11 suppresses A549 xenograft tumor growth via Bax activation and induction of apoptosis in tumor tissues in a dose-dependent manner ( Figure 2D-G) . CYD-2-11 displays more potent antitumor activity than SMBA1 against both NSCLC and SCLC xenografts (Figure 3 ). QD-based images showed that CYD-2-11 can reduce levels of the inactive form of Bax (pS184 Bax) and enhance the activated form of Bax (i.e., 6A7 conformationally changed Bax) in tumor tissues from PDXs and A549 xenografts (Figures 4 and 7) . Based on these findings, we propose that CYD-2-11-induced suppression of lung cancer may result from selective activation of the proapoptotic function of Bax leading to increased apoptosis in tumors.
PDX models have been considered as more advanced preclinical cancer models, which mostly retain the principal histologic and genetic characteristics of their donor tumors and remain stable across passages. Combined clinical and PDX studies have shown a high degree of correlation between clinical response to cytotoxic agents in adult patients with lung cancer and response to the same agents in PDX models generated from these patients (40) . PDX models have been shown to be predictive of clinical outcomes and are being used for preclinical and clinical drug evaluation (41, 42) . Since CYD-2-11 effectively suppressed the growth of two PDXs (TKO-002 and TKO-005) raised from two patients with refractory SCLC (Figure 4 ), there is good potential for CYD-2-11 to provide clinical potency in patients with chemorefractory SCLC in the future.
In addition to PDX models, genetically engineered mouse models (GEMM) are also considered to be advanced preclinical cancer models. It is known that genetically engineered mice (GEM) are the most sophisticated animal models of human cancer, which closely recapitulate the pathophysiological process of human malignancies in genetically precisely defined systems (43) . Therefore, the potency of CYD-2-11 was also evaluated in genetically engineered KL mice. Since pS184 Bax (inactive form) is significantly upregulated in tumor tissues from KL mice ( Figure S7 ), CYD-2-11, as a Bax agonist, should be an ideal agent for treatment of KRAS-driven lung cancer. Intriguingly, CYD-2-11 significantly reduces tumor burden in the lungs of KL mice leading to prolonged survival when compared with the untreated control group (Figure 5 ), suggesting that CYD-2-11 has the potential to improve the prognosis of lung cancer patients with KRAS mutations. mTOR is a promising therapeutic target in lung cancer (9) (10) (11) . However, mTOR inhibition by rapalogs has been reported to activate PI3K/AKT proliferative and prosurvival signals thereby attenuating anticancer efficacy (12, 13, 44) . Here, we discovered that inhibition of mTOR by RAD001 not only activates AKT but also leads to S184 Bax phosphorylation and inactivation in a lung cancer cell line and in tumor tissues from NSCLC patients treated with RAD001 ( Figure 6 ). It is possible that Bax phosphorylation induced by mTOR inhibitor therapy may negatively affect the efficacy of mTOR inhibitor in cancer therapy. This may explain the limited efficacy of single-agent RAD001 in lung cancer patients (36, 37) . Furthermore, the phosphorylated form of Bax (pBax) was found to accumulate in RAD001 resistant cells (A549-RR) ( Figure S11AB ), indicating that pBax may contribute to rapalog resistance. Our findings provide a strong rationale for the combination of mTOR inhibitor (RAD001) with Bax agonist (CYD-2-11), which may have superior therapeutic benefits and may reverse rapalog resistance. As expected, CYD-2-11 in combination with RAD001 not only exhibits strong synergistic activity against lung cancer but also overcomes rapalog resistance in vitro ( Figure S11C and D) and in vivo (Figure 7) .
In summary, we have generated a new Bax agonist CYD-2-11 that selectively targets the structural binding pocket around the S184 phosphorylation site in Bax. The binding of CYD-2-11 with Bax results in a 6A7 conformational change and oligomerization of Bax protein leading to activation of its proapoptotic function. The Bax agonist CYD-2-11 exhibits potent efficacy against human lung cancer in vivo without normal tissue toxicity. mTOR inhibition by RAD001 leads to S184 Bax phosphorylation contributing to rapalog resistance. Co-targeting mTOR and Bax via a mechanism-driven combination of mTOR inhibitor and Bax agonist represents a more effective therapeutic approach for overcoming treatment resistance and improving lung cancer outcome.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. A, Bax and BAK expression was analyzed by Western blot following treatment of A549 cells with CYD-2-11 for 24h. B, Mitochondria were isolated from A549 cells and then treated with CYD-2-11 or SMBA1 (5 μM) in cross-linking buffer for 30 min at 30 °C, followed by cross-linking using BMH. Bax was analyzed by Western blot (B, left panel). A549 cells were treated with CYD-2-11 or SMBA1 (5 μM) for 24h, followed by isolation of mitochondria and cross-linking using BMH. Bax was analyzed by Western blot (B, right panel). C, A549 cells were treated with increasing concentrations of CYD-2-11 for 24h. Mitochondrial and cytosolic fractions were isolated. Levels of Cyt c and Bax in these two fractions were analyzed by Western blot. Prohibitin were used as positive control to verify mitochondrial fraction without contamination. D, Nu/Nu mice with A549 lung cancer xenografts were treated with increasing doses of CYD-2-11 (2~40 mg/kg/d) i.p. for 10 days. Each group included 8 mice. Tumor volume was measured once every 2 days. The error bars indicate ± SD (n= 8). E and F, Active caspase 3 was analyzed in tumor tissues at the end of experiments by IHC staining. The error bars indicate ± SD of three separate determinations. G, Mitochondria were isolated from tumor tissues, and followed by cross-linking using BMH. Bax was analyzed by Western blot. A, After administration of adenovirus Cre recombinase in KRAS G12D LKB1 fl/fl (KL) mice for 6 weeks, KL mice were treated with CYD-2-11 for 8 weeks (control group, 8 mice, treatment group, 7 mice). Tumor numbers were counted under the microscope and tumor area was quantified using Openlab modular imaging software. B, Three representative H&E images from control or treatment group were shown. C, Active caspase 3 was analyzed by IHC at the end of experiments. D, Survival of mice was calculated up to 8 weeks before euthanization in the control group versus CYD-2-11 treatment group.
Figure 6. Treatment of lung cancer cells or NSCLC patients with RAD001 upregulates Bax phosphorylation
A and B, A549 cells were treated with RAD001 for 24h. pBax, pAKT and p-p70S6K were analyzed by Western blot or QD-IHF. C and D, 10 patients with NSCLC were treated with RAD001 (10 mg/day) for 28 days. pBax in tumor tissues was analyzed by IHC and quantified by analyzing immunoscore. Error bars represent ± SD of three separate determinations. 
